A fundamental study on producing fine tantalum powder by reducing electrochemically dissolved tantalum ions (Ta nþ ) by dysprosium divalent ions (Dy 2þ ) in molten salt was investigated in order to develop a new process for pulverizing a tantalum ingot to fine powder for electronic devices. A tantalum rod (anode) was immersed in the NaCl-KCl-MgCl 2 -DyCl 2 molten salt at 1000 K, and it was anodically dissolved in this salt. The electrochemically dissolved Ta nþ ions were subsequently reduced in situ by Dy 2þ ions in the molten salt to produce tantalum powder. The reaction product, Dy 3þ ions, generated during the production of tantalum powder, were reduced by either electrochemical or magnesiothermic reduction at the cathode (liquid Mg-Ag alloy) and regenerated to reductant Dy 2þ ions. Fine and uniform tantalum powder with an average particle size of around 0.1 mm was directly and successfully obtained from the bulk tantalum under a specific condition. A possible reaction pathway for the reduction of Ta nþ ions by Dy 2þ ions in the molten salt was discussed with the aid of an isothermal chemical potential diagram of the Ta-Dy-Cl system at 1000 K.
Introduction
Solid electrolytic tantalum (Ta) capacitors have structures of tantalum powder (anode)-Ta 2 O 5 film (dielectric)-MnO 2 or polymer (electrolyte). Such capacitors have the highest capacitance per unit volume and are thermally stable in comparison with other capacitors. The demand for tantalum capacitors is increasing and the production volume of these capacitors has increased drastically due to the miniaturization of electronic devices. Currently, more than 50% of tantalum resources are consumed in the form of fine powder for capacitors. 1) Because tantalum is a precious metal and its resources in the earth's crust are scarce, approximately 25% of the total tantalum products are recycled. 1) Some of the secondary materials of tantalum including in-factory capacitor scraps and low-quality tantalum powder are recovered by employing electron beam (EB) melting or vacuum arc remelting (VAR) techniques; this resulted in the production of high-purity tantalum ingots. 2, 3) A part of these ingots are pulverized to produce a powder for capacitors with the morphology of flakes by using a conventional hydridingdehydriding (HDH) process combined with milling. [4] [5] [6] The HDH process combined with milling is a multistep energyintensive method; it requires considerable time for producing fine powder. It is difficult to control the size of the particles and its distribution of the flaked powder; these factors have significant influences on the performance of the resulting capacitor. An efficient process for pulverizing tantalum bulk to fine powder suitable for capacitors is required. The capacitors manufactured from the flaked tantalum powders can be used for high-voltage applications. 4) As schematically illustrated in Fig. 1(a) , tantalum powder for capacitors is mainly produced by the sodiothermic reduction of tantalum fluoride salt (potassium heptafluorotantalate (K 2 TaF 7 )); this is commonly referred to as the Hunter process. 7, 8) In this process, the K 2 TaF 7 feed powder is charged into a large amount of molten halide salt, referred to as the diluent, and is reduced to tantalum metal powder by liquid sodium at around 1073 K. The diluent with molten sodium is mixed with a stirrer to facilitate a homogeneous reaction for producing fine powder. After reduction, the reactor is cooled, and the reduced tantalum powder mixed with a solidified salt is recovered by mechanical crushing. Pure tantalum powder is obtained by leaching the mixture with an acid. This process has been developed for the production of fine tantalum powder suitable for capacitors. However, the separation of the metal powder from the large amount of solidified salt is a time-consuming process, and it requires a considerable amount of high-purity water; moreover, it produces large amounts of fluoride and chloride wastes, thereby posing an environmental problem.
In order to overcome the drawbacks of the Hunter process, researchers at H. C. Starck, Inc. developed a method for the magnesiothermic reduction of the oxide using a magnesium vapor process. 9) Okabe et al. developed a preform reduction process (PRP) based on the magnesiothermic reduction of oxides, with the aim of minimizing the contamination of the powder. [10] [11] [12] [13] Okabe et al. also applied an electrochemical method in the magnesiothermic reduction of tantalum compounds (TaCl 5 or K 2 TaF 7 ) in molten salt. The production of tantalum powder through an electrochemically mediated reaction (EMR) demonstrated the possibility of a new process that was suitable for controlling the purity and morphology of the metal powder deposit.
14-16) Suzuki et al. investigated the reduction of Ta 2 O 5 in molten CaCl 2 by calcium. 17, 18) Fray et al. investigated the electrochemical reduction of metal oxides in molten salt and obtained metal powders by this process. [19] [20] [21] [22] These reduction processes demonstrated that molten salt is useful for controlling the purity and particle size of the powder; however, none of these processes can be applied for processing tantalum bulk to fine powder for capacitors.
With the aim of developing a new process for directly pulverizing tantalum bulk-which can be obtained with high purity from recycled tantalum products-to fine tantalum powder for capacitors, we tried to devise an electrochemical method based on the reduction of Ta nþ ions by Dy 2þ ions in molten salt. In previous studies, we demonstrated that fine niobium (Nb) powder can be effectively produced by reducing Nb nþ ions by Dy 2þ ions in molten salt. 23, 24) In this study, the feasibility of the electrochemical method in producing fine tantalum powder directly from tantalum bulk was investigated; the influence of the electrolysis current on the particle size of the powder was examined. Prior to the experimental study, a possible reaction pathway for the reduction of Ta nþ ions by Dy 2þ ions for producing fine powder was discussed with the aid of an isothermal chemical potential diagram of the Ta-Dy-Cl system at 1000 K. Figure 2 (a) shows a three-dimensional chemical potential diagram of the Ta-Dy-Cl system at 1000 K constructed by using thermodynamic data. 25, 26) It was plotted as a function of the dysprosium activity a Dy , tantalum activity a Ta , and partial pressure of chlorine p Cl 2 . In this diagram, the stability domains of various phases such as DyCl 3 (l, in salt), DyCl 2 (l, in salt), and TaCl x (l, in salt) are represented as a function of the chemical potentials of all the components by planes. The lines defined by the intersection of the planes represent the two-phase fields. The points of intersection of three planes define the three-phase equilibria. For instance, point represents the Ta (s)/Dy (s)/DyCl 2 (l, in salt) three-phase equilibria at fixed chemical potentials. Point in the figure represents the TaCl 2:5 -DyCl 3 (l, in salt)/Ta (s) two-phase equilibrium, and point represents the Ta (s)/DyCl 2 -DyCl 3 (l, in salt) two-phase equilibrium. The chemical potential of chlorine p Cl 2 under the DyCl 2 /DyCl 3 equilibrium (log p Cl 2 ¼ À22:3) is considerably lower than that under the Ta/TaCl 2:5 equilibrium (log p Cl 2 ¼ À12:8). This indicates that the Ta nþ (n ¼ 2; 3) ions are reduced to metallic tantalum under the Dy 3þ /Dy 2þ equilibrium. The characteristic feature of this reaction system is that all the reactants except solid tantalum-TaCl x , DyCl 2 , and DyCl 3 -are dissolved in the molten salt; this may be suitable for fine powder production even at a high feed rate of tantalum ions. The interface between the liquid phase and the solid tantalum phase can also serve as a route for charge transfer, which induces heterogeneous reactions. The Ta nþ ions supplied to the molten salt can easily diffuse to this interface and be reduced by electrons generated in the redox reaction of Dy 3þ /Dy 2þ . However, fine tantalum powder can be obtained by employing the chemical reactions illustrated in Fig. 2(b The reaction pathway for the production of tantalum powder, which is consistent with the chemical potential diagram shown in Fig. 2(a) , is illustrated in Fig. 2(b) . The electrochemically dissolved Ta nþ ions are reduced in the molten salt by electrons generated in the redox reaction of Dy 3þ /Dy 2þ , which may involve local electrochemical reactions. Further, Dy 3þ ions in the molten salt can be reduced and regenerated to Dy 2þ ions by electrons released in the redox reaction of Mg 2þ /Mg. The electrode potentials of tantalum and dysprosium in a chloride salt at 1000 K were calculated as well as some selected redox couples such as iron, 25, 26) and they are shown in Fig. 3 2þ equilibrium is 0.3 V higher than that of the Mg 2þ /Mg equilibrium. Therefore, the Dy 2þ reductant can be subsequently regenerated in situ and its concentration can be maintained at a constant value as long as the activity of magnesium is high in the system, which may be a favorable condition for the production of homogeneous powders. Figure 4 shows a flowchart of the electrochemical method for producing tantalum powder. In this study, the Dy 2þ reductant was synthesized in situ in the molten salt. The tantalum powder was produced by the reduction of Ta nþ ions, which were added to the molten salt by the anodic dissolution of the tantalum bulk. The schematic illustration of the experimental setup is shown in Fig. 5 Fig. 4 Flowchart of the electrochemical method for producing tantalum powder.
Reduction of Electrochemically

Experimental
electrochemical cell assembly, a mild steel crucible (84 mm in diameter and 200 mm in height) was heated in advance with sponge titanium (Supplied by Toho Titanium Co., Ltd., 99.7% purity; around 20 g) under an argon (99.9995% purity) atmosphere at 1173 K for 3 h in order to remove oxygen and surface impurities. The main experimental conditions (Exps.
A$E) are summarized in Table 1 . The experimental conditions for the production of niobium powder by the same method that was previously investigated are also listed in the table for reference (Exps. O, X, Y, Z).
23)
The dried NaCl powder (605 g), KCl powder (513 g), and MgCl 2 flake (182 g) were mixed and quickly charged into the pretreated mild steel crucible. The crucible was placed in a SUS316 stainless steel reaction chamber. Dysprosium lumps (Nippon Yttrium Co., Ltd., 98.9% purity; 198.9 g in total) and silver shots (0.3 mm in average diameter; 82.8 g) were placed in a rectangular stainless steel holder (50 mm Â 20 mm Â 20 mm). The holder was connected to a stainless steel tube and was installed in the chamber. A tantalum rod (Supplied by Cabot Supermetals Co. Ltd., 99.95% purity; 10 mm in diameter and 150 mm in length) connected to a stainless steel rod was installed in the chamber. The chamber was placed in an electric furnace and was attached to a gas supply/vacuum system. The pressure inside the system was maintained at around 1 atm and was monitored by using a digital pressure gauge (Cosmo Co., DP-310). After confirming the airtightness of the system, the chamber was heated up to 573 K under vacuum and was maintained at the temperature for around half an hour to enable the removal of the residual moisture in the salt by evacuation. Argon gas was subsequently purged into the chamber till the pressure inside the chamber was slightly above 1 atm. The temperature was raised up to 1173 K to melt the salts, and the NaCl-36 mol%KCl-10 mol%MgCl 2 molten salt was prepared. The stainless steel holder containing the dysprosium lumps and silver shots (Supplied by Ishifuku Metal Industry Co., Ltd., 99.9% purity) was immersed in the molten salt at 1173 K for 18 h to facilitate a complete reaction. The dysprosium metal reacted with the MgCl 2 salt in the presence of silver according to the following reaction: MgCl 2 + Dy + Ag ! DyCl 2 + MgAg. The reaction-generated magnesium was absorbed by silver and a dense Mg-Ag alloy was formed. In order to investigate the anodic dissolution behavior of the tantalum electrode in the NaCl-36 mol%KCl-4 mol%MgCl 2 -6 mol%DyCl 2 molten salt, cyclic votammetry experiments were conducted by using the tantalum rod (10 mm in diameter, immersed 2 mm in depth) and a glassy carbon rod (GC; supplied by Tokai Carbon, 99.9% purity; 6 mm in diameter, immersed 5 mm in depth) as the working electrodes and the liquid Mg-Ag alloy formed in situ as the reference electrode. Subsequently, the tantalum rod was immersed into the molten salt containing the Dy 2þ reductant (about 20 mm in depth). Constant currents of 1, 2, 4, and 8 A respectively supplied by an automatic polarization system (Hokuto HZ- 3000) were applied between the tantalum rod (anode) and the Mg-Ag alloy (cathode) for 7.2 ks. The tantalum rod was anodically dissolved into the molten salt containing the Dy 2þ reductant and was subsequently reduced by the reductant in the molten salt to produce tantalum powder. After the chamber was cooled, the tantalum powder mixed with the solidified salt was recovered from the dish used for collecting the powder; the powder was then subjected to the following leaching process. Tantalum powder mixed with salt was recovered by leaching the mixture with acids. The salt and some metallic impurities were dissolved in an acetic acid solution. The resulting tantalum powder was rinsed in aqueous HCl at room temperature; it was then rinsed with distilled water, alcohol, and acetone and subsequently dried under vacuum.
The phases in the sample were identified by X-ray diffraction (XRD; CuK, ¼ 0:15418 nm; Rigaku Co., RINT 2000). The composition of the powder was determined by X-ray fluorescence spectrometry (XRF; rhodium target, beryllium window thickness: 127 mm; JEOL Ltd., JSX-3210). The powder was observed by using a scanning electron microscope (SEM; JEOL Ltd., JSM-5600LV). The particle size distribution (PSD) was analyzed by using a particle size analyzer with laser light diffraction (Nikkiso Co., Ltd., Microtrac MT3000).
Results and Discussion
Cyclic voltammogram of the tantalum electrode in the NaCl-36 mol%KCl-4 mol%MgCl 2 -6 mol%DyCl 2 molten salt is shown in Fig. 6(a) , and that of the GC electrode is shown in Fig. 6(b) for comparison. Cyclic votammogram of GC electrode at the potential range of 0-1.5 V with respect to Mg-Ag liquid alloy reference shows two wave couples: A/ A 0 , and B/B 0 . Waves A and A 0 are attributed to the reduction of Mg 2þ and reoxidation of magnesium, respectively. Peaks B and B 0 are due to the redox reactions of Dy 3þ /Dy 2þ . On the other hand, in the case of using tantalum electrode, wave couples C/C 0 , D/D 0 , and E/E 0 ( Fig. 6(a) ), which occurred at around 1.1, 1.3, and 1.5 V, respectively, were observed. These waves were attributed to the anodic dissolution reactions of the tantalum electrode. With regard to the calculated standard electrode potentials with respect to Mg 2þ /Mg equilibrium shown in Fig. 3 , and in considering that the electrode potentials were slightly shifted ($0:06 V) when using Mg-Ag liquid alloy reference, wave C may be caused by the reaction Ta ! Ta nþ þ n e À (n ¼ 2; 3); wave D may be attributed to the direct oxidation of tantalum to a higher oxidation state, e.g., Ta 3þ , Ta 4þ , or Ta 5þ ; and wave E was considered to be the result of the successive oxidation of low-valent tantalum ions to high-valent ions. C 0 , D 0 , and E 0 may be attributed to the reduction of tantalum ions produced by oxidation. These results indicate that tantalum is anodically dissolved at potentials lower than 1.5 V with reference to Mg 2þ /Mg in the system investigated in this study. Figure 7 shows transaction of cell potential during electrolysis at constant electrolysis current. When the applied currents were 1, 2, 4, and 8 A, the tantalum electrode potentials were around 1.8, 2.0, 2.2, and 2.5 V, respectively, with regard to the liquid Mg-Ag alloy electrode. The tantalum electrode potential increased with the applied current. Figure 8 shows photographs of the tantalum rod (anode) after the experiments immersed in the molten salt. The weight losses of the tantalum rods after the experiments were 3.32, 6.42, 12.39, and 26.09 g at currents of 1, 2, 4, and 8 A, respectively. Appearance of tantalum powder mixed with solidified salt was shown in Fig. 5(b) . Figure 9 shows the XRD patterns of the tantalum powder obtained by the electrochemical method at currents of 1, 2, 4, and 8 A. The main phase present in the powders was bodycentered cubic tantalum. In Exp. B, the tantalum powder is contaminated with the DyOCl and DyTaO 4 phases; in Exp. C, the Fe 3 Ta 7 phase was detected. However, pure phase tantalum powders were obtained in Exps. A and D.
The compositions of the tantalum powders analyzed by XRF are shown in Table 2 . Tantalum powder with a purity of 97 mass% was obtained. In Exp. B, the tantalum powder was contaminated with dysprosium, which may be due to the high oxygen concentration in the reaction system because oxygen easily forms phases such as DyOCl. In Exp. C, the Fe contamination was possibly caused by the dissolution of the mild steel reaction vessel into the molten salt. The sodium concentration in the tantalum powder was found to be much higher-with an average value of 1.1 mass%-than that (less than 0.01 mass%) in the Nb powders obtained in previous studies. 23, 24) The anodic current efficiencies (shown in the last column of Table 2 ) were calculated based on Faraday's law. The anodic current efficiencies at a current of 1 A were calculated to be 61%, 74%, 98%, and 123% by assuming that the tantalum was oxidized to Ta 2:5þ , Ta 3þ , Ta 4þ , and Ta 5þ , respectively; their magnitudes were similar at the currents of 2, 4, and 8 A. Although the tantalum electrode was polarized to approximately 2.5 V at the applied current of 8 A, these values indicated that it was not oxidized to a much higher oxidation state such as Ta 5þ . In the present study, it was difficult to determine the charge transfer number (n) during electrolysis but the calculated current efficiency was approximately 60% when assuming n ¼ 2:5. Figure 10 shows the SEM images of the tantalum powders obtained in the NaCl-36 mol%KCl-4 mol%MgCl 2 -6 mol%DyCl 2 molten salt at various currents. At a current of 1 A, fine and homogeneous tantalum powder with an average particle diameter of around 0.1 mm was obtained. These ultrafine tantalum particles were loosely agglomerated to form a porous structure. When the currents were increased to 2, 4, and 8 A, the average particle size of the powder successively increased by a small amount. In the case of a current of 8 A, the average particle size observed was around 0.5 mm. In some experiments (Exps. B and C), blocks and a needle-like morphology were observed, which were possibly caused by the impurity phases such as DyClO, DyTaO 4 , and Fe 3 Ta 7 (see Figs. 9(b) and (c)) present in the powders. These results indicate that the average particle size of the powder slightly increases with the current; therefore, it can be controlled on a small scale by varying the current. This also provides an important feature that facilitates this electrochemical method to be established as a practical process for the production of fine powder. Figure 11 shows the PSD profiles of the tantalum powders obtained by the electrochemical method in the NaCl-36 mol%KCl-4 mol%MgCl 2 -6 mol%DyCl 2 molten salt at various currents. When the currents were 1, 2, 4 and 8 A, the D 50 values, which are the sizes corresponding to the 50% point on the cumulative distribution curves, were 1.2, 1.4, 1.8, and 2.2 mm, respectively. These results indicate that the median diameter of the particles in the powder slightly increases with the applied current.
The above-mentioned experimental results indicate that the particle size of tantalum powder increased with electrolysis current. As can be seen from this figure, the tantalum particles are produced in the molten salt mostly by homogeneous chemical reaction. When the electrolysis current is increased, the amounts of tantalum ions, which are produced by anodic dissolution, supplied into the molten salt in per time unit are increased; this may promote the growth of the tantalum particles. 
Conclusions
The electrochemical method for producing tantalum powder based on the reduction of the electrochemically dissolved Ta nþ ions by Dy 2þ ions in molten salt was investigated. Tantalum powder with a purity of around 97 mass% and an average primary particle size of around 0.1 mm was successfully obtained in the NaCl-36 mol%KCl-4 mol%MgCl 2 -6 mol%DyCl 2 molten salt at an applied current of 1 A. It was found that the particle size of the powder slightly increased with the current; therefore, it can be controlled on a small scale by varying the current. This electrochemical method may be applied for directly pulverizing recycled tantalum bulk to fine powders for use in electronic devices. 
